Years of experience
Mean Median (range)
Working in the field of data science ‡
5.3
Working with HIV 6.5 (0.3-30) † Four participants did not provide their age ‡ Two participants with 7 and 3.5 years of experience respectively MBBS: Bachelor of Medicine and Bachelor of Surgery; MD: Medical Doctorate; PhD: Doctor of Philosophy
Data collection
Nine IDIs and four FGDs were carried out in English by the principal investigator and the research team who are trained in qualitative research. These were based on a semi-structured interview guide that was pilot tested prior to implementation. The guide comprised broader themes designed to understand the affected population, current HIV surveillance system in Singapore, NSUM and its limitations, and potential applications of size estimation data. Known population databases, feasibility and strategies to implement NSUM for national level size estimation of key populations, and ways to address the limitations of NSUM, were discussed with data scientists. All interviews and discussions lasted between 50 and 110 minutes and were audio recorded.
Analysis
Annotation and analysis of complete transcripts were conducted using NVIVO 10 (QSR International). We retrieved textual references to topics of interest and categorised them using the semi-structured guide as the framework. To identify themes, interview segments with the same label were coded and then grouped for analysis.
Research assistants on the project coded the first set of interviews independently, with discrepancies discussed to standardise code definitions. Once all transcripts had been coded, textual coding reports were produced. Data reduction techniques were used to examine codes in detail for sub-themes and patterns.
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Section 377A
We asked the participants if they have heard of section 377A, the law that criminalises sex between consenting men in Singapore (and some other former British colonies), and the majority of the participants had not heard of this part of the penal code. Section 377A and its non-enforcement policy were subsequently described. After learning about this part of the penal code, more than 60% of the respondents reported that section 377A should be maintained or actively enforced. In a larger survey, Chua et al. reported that 60% of their respondents agreed that section 377A should be kept. [2] The global attitudes survey conducted by the International Lesbian, Gay, Bisexual, Trans and Intersex Association (ILGA) found 31% of respondents from Singapore agreed that people who engage in romantic or sexual relationships with people of the same sex should be charged as criminals [3] , similar to the 29% of those in our survey who thought section 377A should be actively enforced, after removing Don't Knows. 
Supplementary

Data sources of nineteen known populations
Although twenty known populations were included in the questionnaire, it transpired that the official number of national servicemen was not publicly available hence this category was removed from the analysis, leaving nineteen known populations, whose sizes were sourced from official databases (Supplementary Table 4 ). 
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Transmission error model
We sought to account for transmission error-the possibility that members of the hidden population might not divulge membership to some of their contacts-by introducing a correction factor in the estimation of the size of the at-risk populations. In this model, the mean of the Poisson variate of the number of at-risk populations is modified to account for the individual's perception of that population measured through the variable , , as follows:
where is the upper bound for the question to which , corresponds. In this formulation, is a correction factor which lowers the mean number of people belonging to a hidden population who are known to the individual and whose membership of the hidden population is known to the individual, if that individual expresses an unfavourable attitude towards that population. For instance, someone who has an unfavourable attitude towards sex workers may know fewer people who have confided their work in the sex industry to that person, even if he or she knows them. This parameter is also assigned a non-informative prior. 
Transmission error and barrier effect model
Poisson regression
Factors associated with number of reported contacts in the four hidden populations at-risk HIV, such as participants' demographics and social acceptability rating of selected behaviours, were assessed using Poisson 
Validation: Comparison against alternative NSUM model formulation
As alternative methods exist for the simpler case without adjusting for transmission error and barrier effects, we are able to validate the basic Bayesian NSUM against the classical NSUM estimators. We did this by applying both methods to estimate the size of hidden and known populations. The classical NSUM estimate and its 95% confidence interval were derived using the following steps:
1. Individual 's network size, , containing all people known to according to the study criteria, is estimated through the ratio ̂= ∑ ∑ where, as before, is the total population size, the population size of the known subpopulation , and the number of contacts of in that subpopulation.
2. Given the estimated personal network ̂, the size of the th (hidden; though the formula applies to known populations) subpopulation ̂ can be estimated by aggregating across individuals as follows:
3. The estimated standard error of ̂ has been previously derived [1, 5, 6 ] to be (̂) = √∑̂.
By appealing to asymptotic normality, the 95% Wald confidence interval of ̂ is ̂± /2 (̂).
We estimated the size of each known and hidden population using the classical method and the Bayesian method, and present the results in Supplementary Figure 4 . As can be observed, there is close agreement between the two methods in the simple case where barrier effects and transmission error are not considered. 
Supplementary material
Validation: Re-estimation of known populations
To identify the best subset of known populations, we undertook model validation. For each in turn, we assumed the size was unknown and attempted to re-estimate it, using the other populations. We identified the populations whose estimated population sizes were most consistent with the true population sizes (data sources listed in
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Sex Transm Infect Supplementary Table 4 ) so that known populations that were not well suited to the local population could be excluded. Identification was done by ranking the discrepancy (log-ratio) between the scaled up and the actual population sizes. For the known populations, the ratio of the estimated population size to the real size ranged from 0.28-15 in the model validation (Supplementary Figure 5) . The discrepancy was ranked and used to identify unsuitable known populations: those with larger discrepancies indicating difficulties in identifying group membership which would be of less utility in the network scale-up method and hence could be removed from subsequent analysis. We identified the top 10 performing known populations to be included in the size estimation of the personal network size and hidden populations.
Supplementary Figure 5:
Model validation with known populations to be included or excluded in subsequent analyses. The ratio between the estimated size and the real size indicates if the estimate of the known population was underestimated or overestimated (second column). The discrepancy from the real size was ranked from minimum to maximum (third column), and it informs further analyses if the populations were suitable and should be included (fourth column).
Definition of a contact
We assessed which method of defining a contact would work best in the local situation by (i) quantifying the proportion of most recent contacts with specific types of individuals that occurred via four media-face to face, text message, phone call and sharing a drink or a meal-and (ii) calculating the correlation between responses for each pair of media. We used Cohen's kappa to measure the pairwise agreement between the media of defining a contact.
Supplementary material
Sex Transm Infect The several definitions of contact were found to be correlated with each other. Overall, 76% of most recently contacted individuals were contacted by the participants via talking to them in person (over the last year), 30.6% by phone calls, 35.6% via text messages, and 30% had shared a drink or meal. As the majority of participants reported having spoken in person to the members of these groups, we explored the inter-rater agreement between this and the other media: text messaging, phone call and sharing a drink or a meal. There was some agreement between the measurements resulting from the different definitions (κ = 0.31-0.51 between variables), and therefore, in addition to face-to-face communication, we recommend that text messaging or phone call should be included as additional media in the final working definition of knowing a person. Because almost all contacts involving a meal also involved talking in person, we recommend discarding the former.
Using our study's definition of a contact, the average personal network size among participants was estimated at 140 (95% CI: 82-238), lower than previous studies (in China [7] : 236; Japan [8]: 206; and the United States [5] : 290) but consistent with the shorter time horizon to define a contact of one year rather than two.
Number of contacts of selected populations in an individual's network
We performed bootstrap resampling to derive an estimate of the standard error of the mean number of contacts of selected populations in an individual's network, and to calculate the 95% confidence interval. 
Posterior distributions for parameters
The posterior distributions of the parameters were estimated using Markov chain Monte Carlo simulation.
[10]
The inference was implemented using Just Another Gibbs Sampler (JAGS) [11] within the R statistical environment [12] using the rjags package [13] with 50 000 iterations following a burn-in of 5 000. The model was specified in the JAGS dialect of the BUGS language and later constructed in R via the rjags package. With the model, data and initial values properly specified, we initialised the model using the jags.model function found in rjags. Convergence was assessed using Geweke's convergence diagnostic, the Heidelberger and Welch convergence diagnostic in R, and visually with trace plots.
Bootstrap extension to the transmission model
In the bootstrap extension to the transmission error model, we resampled participants proportional to the sex-ageethnic distribution of the Singapore population, for 100 bootstrap samples allowing us to potentially account for the sample design and barrier effect. Each bootstrap dataset was then modelled using the same approach as the original dataset, and the posterior distribution of each merged using Rubin's formula for multiple imputations, after log-transforming the estimates to account for their asymmetry. 
Sensitivity analyses and comparisons to the methods proposed by Feehan and Salganik (2016)
We assessed if our study met the conditions of the modified basic scale-up estimator as presented by Feehan and Salganik in 2016.
[15] The self-reported number of contacts in this study might be inherently affected by recall bias and contribute to false negatives about connections.
[16] By shortening the time window for a contact from two years, which is the norm in the literature, we anticipated that study respondents would be able to enumerate the their contacts without much difficulty, which is evident in the mean number of contacts (<3 contacts) reported in this study (see Supplementary Figure 6 ). Moreover, Feehan and colleagues [17] have also reported that fewer contacts reported by respondents could result in more precise size estimates. We anticipate that in Singapore, the social networks of MCFSW and MSM may not deviate too much from that of the general population. However, it is plausible that those of FSW and IVDU may differ more.
The NSUM methodology is potentially subject to false positive errors, wherein respondents falsely assume the membership of their contacts, thus leading to an overestimation of the population size, both known and hidden populations are subjected to this bias. However, the magnitude of this bias is likely to be smaller than that resulting from false negatives, that arises from respondents who are not perfectly aware of the characteristics of their network (i.e. transmission error). However, as we were unable to measure the disclosure rates of the hidden population directly, we attempted to adjust for transmission error using participants' perceptions of these hidden populations at-risk of HIV and we performed sensitivity analyses to assess the robustness of estimates of the transmission error adjustment, (presented in Supplementary Figure 10) . From the sensitivity analyses (shown in Supplementary Figure 10) , most of the hidden population size estimates with the exception of male clients of female sex workers were very robust to misspecification of the transmission error adjustment. However, future studies would benefit from the inclusion of member of the hidden population to directly measure the disclosure jagmod=jags.model(textConnection(model3),data=dataset,inits=initialisation, n.chains=2) update(jagmod, n.iter=5000, progress.bar="text") posterior = coda.samples(jagmod, c("alpha","lambda",'beta','sigma','sigmab',"tau","Su","b1u","b2u","b3u",'b4 u',"b1k","b2k",'b3k','b4k'),n.iter=NITERATION,progress.bar="text",thin=10) dicsamples = dic.samples(jagmod,type = "pD",n.iter=20000,thin=10) 
